The 112,120 Sn(γ, γ ) reactions below the neutron separation energies have been studied at the superconducting Darmstadt electron linear accelerator S-DALINAC for different endpoint energies of the incident bremsstrahlung spectrum. Dipole strength distributions are extracted for 112 Sn up to 9.5 MeV and for 120 Sn up to 9.1 MeV. A concentration of dipole excitations is observed between 5 and 8 MeV in both nuclei. Missing strength due to unobserved decays to excited states is estimated in a statistical model. A fluctuation analysis is applied to the photon scattering spectra to extract the amount of the unresolved strength hidden in background due to fragmentation. The strength distributions are discussed within different model approaches such as the quasiparticle-phonon model and the relativistic time blocking approximation allowing for an inclusion of complex configurations beyond the initial particle-hole states. While a satisfactory description of the fragmentation can be achieved for sufficently large model spaces, the predicted centroids and total electric dipole strengths for stable tin isotopes strongly depend on the assumptions about the underlying mean field.
The 112,120 Sn(γ, γ ) reactions below the neutron separation energies have been studied at the superconducting Darmstadt electron linear accelerator S-DALINAC for different endpoint energies of the incident bremsstrahlung spectrum. Dipole strength distributions are extracted for 112 Sn up to 9.5 MeV and for 120 Sn up to 9.1 MeV. A concentration of dipole excitations is observed between 5 and 8 MeV in both nuclei. Missing strength due to unobserved decays to excited states is estimated in a statistical model. A fluctuation analysis is applied to the photon scattering spectra to extract the amount of the unresolved strength hidden in background due to fragmentation. The strength distributions are discussed within different model approaches such as the quasiparticle-phonon model and the relativistic time blocking approximation allowing for an inclusion of complex configurations beyond the initial particle-hole states. While a satisfactory description of the fragmentation can be achieved for sufficently large model spaces, the predicted centroids and total electric dipole strengths for stable tin isotopes strongly depend on the assumptions about the underlying mean field. 
I. INTRODUCTION
The electric Pygmy Dipole Resonance (PDR) in nuclei is a subject of high current interest (for a recent review, see [1] ). It is expected to occur at energies well below the IsoVector Giant Dipole Resonance (IVGDR) and may exhaust a considerable fraction of the total electric dipole (E1) strength in nuclei with a very asymmetric protonto-neutron ratio. The properties of the mode are claimed to provide insight into the formation of a neutron skin [2] [3] [4] [5] [6] , although this is still under debate [7, 8] . It may also constrain the density dependence of the symmetry energy [3, [9] [10] [11] . Thus, investigations of the PDR will be an important topic at future rare isotope beam facilities. Furthermore, dipole strength in the vicinity of the neutron thresholds may lead to significant changes of neutron-capture rates in the astrophysical r-process [12] [13] [14] .
Originally considered to be a single-particle effect [15] , many microscopic models nowadays favor an explanation of the PDR as an oscillation of a neutron skin -emerging with an increasing N/Z ratio -against an approximately isospin-saturated core. This conclusion is based on the analysis of theoretical transition densities, which differ significantly from those in the IVGDR region. However, * Electronic address: Email:vnc@ikp.tu-darmstadt.de at least for stable nuclei with a moderate neutron excess this question is far from settled, see e.g. the recent work of Ref. [16] . Quantitative predictions of the centroid energy and strength of the PDR and the corresponding collectivity as a function of neutron excess differ considerably. This is partly due to the properties of the underlying mean-field description (e.g., Skyrme-type or relativistic models) and partly results from the unclear separation between PDR and GDR. E1 strength distributions at low excitation energy are also strongly modified in models allowing for complex configuration beyond the 1 particle -1 hole (1p1h) level (see e.g. Refs. [17] [18] [19] ).
Data on the low-energy E1 strength in very neutronrich heavy nuclei are scarce [3, [20] [21] [22] . Although the PDR strength is much weaker in stable nuclei, detailed spectroscopy with different isovector [23, 24] and isoscalar [25] [26] [27] probes provides important insight into a possible interpretation of the mode as a neutron-skin oscillation, the interplay of collectivity and single-particle degrees of freedom and its isospin nature [28] [29] [30] [31] [32] . Extensive studies have been performed in stable even-mass nuclides utilizing the (γ, γ ) reaction, in particular at the shell closures Z = 20 [33, 34] , N = 50 [35] [36] [37] , Z = 50 [38] , N = 82 [18, [39] [40] [41] and in 208 Pb [17, 44] . However, the connection of these results to the PDR in nuclei with very large N/Z ratios is not clear [1, 45] .
In this respect, a systematic investigation of the PDR in the tin isotope chain is of special interest because a wide range of isotopes is experimentally accessible while the underlying structure changes only moderatly.
Pioneering experiments on the E1 response below the IVGDR in the exotic isotopes 130, 132 Sn and its odd-mass neighbors have been reported [3, 20] . Very recently, a new experiment has been performed at GSI aiming at an extraction of the complete E1 response in 124−134 Sn [46] . If combined with results on the stable isotopes, for the first time a set of data spanning a large range of N/Z ratios from about 1.25 to 1.68 would be available, which can serve as a benchmark test for the validity of various theoretical approaches. Indeed, the Sn isotopes have been a favorite case in the model calculations studying features of the PDR as a function of neutron excess [2, 4, 16, 19, [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] .
Experimental information on the low-energy E1 strength in 116 Sn and 124 Sn is available from Ref. [38] . Here we report results from new (γ, γ ) experiments on 112 Sn and 120 Sn which allow to establish systematics of the low-energy E1 strength over the range of stable evenmass tin isotopes. Beyond the analysis of resolved transitions, in the present work a fluctuation analysis is applied to the (γ, γ ) spectra to investigate the amount of unresolved strength which might be hidden in the background because of the fragmentation due to the high level density. We also estimate in a statistical model approach [60] the possible magnitude of corrections to the B(E1) strengths deduced from the experiments due to unobserved decays to excited states.
The paper is organized as follows: In Sec. II details of the experiment, data analysis and experimental results are given. Section III discusses the extraction of unresolved strength with a fluctuation analysis. A comparison to theoretical predictions is presented in Sec. IV, and conclusions and an outlook (Sec. V) close the paper.
II. EXPERIMENT AND ANALYSIS OF RESOLVED TRANSITIONS

A. Experimental details
Measurements of the 112,120 Sn(γ, γ ) reactions have been performed at the superconducting electron linear accelerator S-DALINAC at the TU Darmstadt. Nuclear resonance fluorescence (NRF) is a well-suited tool to investigate low-lying dipole excitations in nuclei and to provide detailed spectroscopic information [23] . The principle of this method is to produce continuous bremsstrahlung spectra of real photons, extending up to the incident electron energy E 0 , which are then used to irradiate the target and simultaneously excite all transitions with a large decay width Γ 0 into the ground state (g.s.) in the given photon energy range. Details of the experiment and the data analysis can be found in Ref. [61] .
Experiments on 112 Sn were performed at electron energies of 5.5, 7.0, and 9.5 MeV, while data for 120 Sn were taken at 7.5 and 9.1 MeV, respectively. The use of different endpoint energies allows to investigate the problem of feeding by higher-lying states, as discussed in Sec. II D. The multipolarities of the transitions were determined from two high purity germanium (HPGe) detectors placed at 90
• and 130
• with respect to incoming photon beam. Details of the experimental setup are described in Ref. [62] .
FIG. 1:
Spectra of the 112 Sn(γ, γ ) reaction at endpoint energies of 7.0 MeV (top) and 9.5 MeV (bottom) and a scattering angle Θ = 130
• . Below Ex = 5 MeV the spectra are suppressed by a factor of 10 because of strongly rising background towards lower energies. Transitions belonging to the 11 B calibration standard are labeled.
FIG. 2: Spectra of the
120 Sn(γ, γ ) reaction at endpoint energies of 7.5 MeV (top) and 9.1 MeV (bottom) and a scattering angle Θ = 130
• . Below Ex = 5 MeV the spectra are scaled by a factor of 10 because of strongly rising background towards lower energies. Transitions belonging to the 11 B calibration standard are labeled.
Targets were made of isotopically enriched (>99%) metallic 112 Sn and 120 Sn samples of about 2 g. These were sandwiched between 11 B layers with a total weight of about 1 g serving as a standard for energy calibration and the determination of the photon flux and efficiency. Spectra measured at Θ = 130
• for 112 Sn at 7.0 and 9.5 MeV endpoint energies and for 120 Sn with 7.5 MeV and 9.1 MeV endpoint energies are displayed in in Figs. 1 and 2, respectively. The spectra are scaled by a factor of 10 below E x = 5 MeV because of the non-resonant background due to atomic processes strongly rising towards lower energies. Many transitions attributed to the isotpe under investigation are visible in both targets in the region E x = 5 − 7 MeV indicating a resonance-like structure. Overall, the data taken on 120 Sn show more fragmentation than observed in 112 Sn and also compared to the data in 116,124 Sn [38] .
B. Spin determination
The spin of the excited states can be determined by comparing the intensities of a given line measured simultanously at different scattering angles. Figure 3 shows the ratios measured at 90
• for both isotopes. Integrated cross sections I 0 for photoexcitation of nuclear levels and subsequent decay into the g.s. can be derived from the spectra. They are related to the decay width Γ 0 into the g.s. by
where Γ denotes the total width. I 0 is determined from the experimental quantities using the relation
Here, A i is the peak area of the i-th line in the spectrum, N T denotes the number of target atoms, W for the effective angular correlation function taking into account the averaging of the finite opening angle of the detectors, and g = (2J +1)/(2J 0 +1) is a spin statististical factor averaging over substates of ground state spin J 0 and summing over substates of final spin J. The quantity N γ (E x , E 0 ) describes the number of photons at an energy E x for a bremsstrahlung spectrum with endpoint energy E 0 , and ε abs is the absolute efficiency at a given E x . The product of both quantities is determined by normalizing a Monte-Carlo simulation of the bremstrahlung spectrum to well-determined I s values in 11 B [63] . Two assumptions are made in order to convert the integrated cross sections to transition strengths: (i) the branching ratio Γ 0 /Γ in Eq. (1) is put to one if no transitions to excited states are observed, i.e. possible unobserved decays to excited states are neglected, and (ii) all observed dipole transitions are assumed to be of E1 nature. Assumption (i) has been shown to be on average a poor approximation at higher excitation energies [18] but seems to hold reasonably well at excitation energies of 5 − 7 MeV [68] . Although the investigated excitation region may have overlap with the spin-M 1 resonance [69] , approximation (ii) can be justified because even strong M 1 transitions contribute little to the photoexcitation cross sections [18, 68] . The reduced transition probabilities can be extracted from the relation
The resulting B(E1) transition strengths for transitions in 112 Sn and 120 Sn are summarized in Tabs. I and II, respectively. For each transition, the excitation energy E x , Γ 2 0 /Γ, and the corresponding reduced transition probability are given. The quoted uncertainties consider the statistical errors from the peak fit and systematic errors from the quantities entering into Eq. (2) except for an overall uncertantiy of the photon flux normalization not included, which is estimated to be about 10%. 
FIG. 4: Comparison of experimental B(E1) strength distributions in
112,120 Sn (present work) with 116,124 Sn (from Ref. [38] ).
D. Feeding
The possibility of an indirect population of levels by feeding via inelastic transitions from higher-lying states needs to be corrected for the determination of g.s. transition strengths. This can be achieved by comparison of the reduced strength of a transition at different endpoint energies. The ratio of E1 transition strengths at 9.5 and 7.0 MeV endpoint energies for 112 Sn is displayed in the upper part of Fig. 5 . Note that the lower endpoint energy limits the excitation region of applicability and the number of transitions is smaller than in Tab. I, because in some cases the signal in the spectrum taken at the lower endpoint energy was below the sensitivity limit. Values larger than one in Fig. 5 within error bars indicate a feeding of the transition. This is clearly the case for transitions below 5 MeV, but also for a group around 6.5 MeV. For these cases, only the results obtained at 7.0 MeV endpoint energy enter into Tab. I, while for the other transitions the results for both endpoint energies were averaged. For 112 Sn, also a spectrum measured at 5.0 MeV endpoint energy is available. The comparison between the results of 7.0 MeV and 5.0 MeV was discussed in Ref. [70] , and no feeding effect was observed. The lower part of Fig. 5 shows the ratio of the transition strengths in 120 Sn at 9.1 and 7.5 MeV endpoint energies, respectively. The feeding pattern looks quite different from the case of 112 Sn. Except for the lowest E1 transition populating the two-phonon 1 − state at 3.279 MeV, all ratios are consistent with one (i.e., no feeding) within experimental uncertainties. The results given in Tab. II were averaged over both endpoint energies accordingly.
E. Correction for branching ratios to excited states As pointed out above, the results in Tabs. I and II are derived under the assumption that branchings to excited states can be neglected. Thus, the B(E1) strengths represent a lower limit only. Alternatively, one can try to correct for these branching ratios assuming statistical decay. Such an approach is described e.g. in Ref. [60] , where photoexcitation and decay of the nucleus under investigation is modeled by average quantities (γ-ray strength functions and level densities). It is applied to discrete transitions only in the present case.
The simulations were performed for 100 nuclear realizations of 112,120 Sn using a fit of the (γ, xn) data for the E1 strength function and the parametrizations from RIPL [71] for the M 1 and E2 strength functions. Level densities were taken from back-shifted Fermi gas model (BSFG) fits. Two different parameterizations [72, 73] were tested to estimate the model dependence of the procedure. The empirical approach of Rauscher et al. [72] developed for s-process network calculations has been shown to be quite accurate in stable nuclei [74, 75] . Von Egidy and Bucurescu [73] developed a model, where the BSFG parameters are calculated from masses only.
The resulting averaged branching ratios to excited states rise from about 10% at E x = 5 MeV to about 40% at E x = 9 MeV. The predicted level densities in 120 Sn, and correspondingly the branching ratios to excited states, are consistently higher than those in 112 Sn. Differences between the two models arise from a steeper energy dependence but larger backshift parameter of Ref. [72] compared to Ref. [73] . Figure 6 shows, as an example, the B(E1) strength distribution in 120 Sn in 100 keV bins with and without inclusion of the branching ratio correction. The impact of the correction on the summed E1 Sn from the present experiment without (open bars) and with correction for branching ratios using the model of Ref. [60] and level density parameters of Ref. [73] (light hatched bars) and Ref. [72] (dark hatched bars).
strengths of Tab. III is illustrated in Fig. 7 [38] , since the largest excitation energy of analyzed transitions is comparable in both experiments. However, it should be emphazised that the simulated average branching ratios can only serve as a guidance since the low-energy part of the photon strength function entering the analysis might play an important role [68] . In order to further investigate this important question, (γ, γ γ ) coincidence experiments with a new setup [76] are underway.
III. FLUCTUATION ANALYSIS
According to theoretical predictions discussed in the Introduction, the summed B(E1) strengths of the evenmass tin isotopes in the low-energy region should increase with the number of neutrons. However, the experimental results show that 120 Sn has the lowest summed strength, and also its strength distributions is more fragmented compared to the other even-mass stable tin isotopes. One possible explanation would be unresolved strength hidden in the background. To determine unresolved strength, a fluctuation analysis was applied to (γ, γ ) spectra in order to investigate the M 1 scissors mode strength in deformed odd-mass nuclei [69, [77] [78] [79] [80] . In this section the method is explained and applied to the (γ, γ ) spectra of 112,120 Sn.
A. Method
The method is applicable in the excitation energy region where the mean level spacing D is smaller than the experimental energy resolution ∆E and at the same time the mean level width Γ is smaller than D and ∆E
The fluctuations in the measured spectra should also be related to the ground-state transition widths Γ 0 only. Thus one has to remove the transitions from the 11 B calibration standard as well as all single-and double-escape peaks. This is achieved by subtracting the respective peak from a smooth background whose energy dependence is determined from a local fit. Since no inelastic transitions were observed, it is reasonable to assume that peaks resulting from the branching to excited states are small enough not to contribute to the fluctuations. For typical branching ratios predicted within the statistical model described in Sec. II E this condition is fulfilled. Then one can extract the unresolved strength from the fluctuations of a spectrum applying the steps described in Fig. 8 .
Panel 8(a) shows the spectrum with a backgorund (dashed line) determined as described below. The background subtracted spectrum g > (x) is smoothed by convolution with a Gaussian function with width σ > to remove gross structure . The optimum value of σ > is chosen such that small variations around this value do not change the results. The resulting spectrum is shown as dashed line in Fig. 8(b) . In order to diminish the contribution of counting statistics to the fluctuations, the spectrum is also folded with a Gaussian function with width σ < smaller than the experimental energy resolution which produces the g < (x) spectrum shown in Fig. 8(b) by the solid line. The so-called stationary spectrum d(E x ) is defined as the ratio of the g > (x) and g < (x) spectra and shows local fluctuations in a given energy interval displayed in Fig. 8 
(c).
A measure of the fluctuations is given by the autocorrelation function of the stationary spectrum
where the brackets indicate averaging over the interval for which the analysis is performed, and is the shift parameter in the autocorrelation. The experimental autocorrelation function can be well approximated [81] [82] [83] by the analytical expression
where D is the average level spacing and the function f depends on experimental parameters only. The background is now varied until the theoretical and experimental autocorrelations agree at = 0, where there is a simple linear relation between C(0) and the product α D since the function f is normalized f( = 0)=1. The variance α depends on the statistical distributions of both the level spacings and intensities. For E1 transitions and excitation energies below 7 MeV in heavy nuclei evidence was found that these are close to the Wigner and PorterThomas distributions, respectively [84] .
The experimental and theoretical autocorrelation functions are plotted in Fig. 8 (d) . Differences between the experimental and theoretical autocorrelation functions for finite may be due to errors induced by the finite range of the energy interval.
B. Background determination
The relation between the value of the autocorrelation function at = 0 and the average level spacing D established by Eq. (6) can be utilized in two ways. Provided the background in the spectra can be estimated, the fluctuation analysis allows to extract D and thus the level density ρ = 1/ D . This method has been applied successfully to extract level densities from the fine structure of giant resonances [75, [85] [86] [87] . The background was determined from a wavelet decomposition of the spectra using discrete wavelet transforms [88] . However, the method is not applicable in the present case because it requires a compact resonance and a good peakto-background ratio, while the (γ, γ ) spectra show highly fragmented strength on top of a very large background from atomic processes.
Alternatively, if the level density is known experimentally or estimated by a model, one can determine the amount of background needed such that the value C(0) from Eq. (6) matches the experimental result from Eq. (5) . In the present case we rely on the empirical parameterizations of Refs. [72] and [73] within the backshifted Fermi-gas model called BSFG1 and BSFG2, respectively, hereafter. These models have also been used to estimate the branching ratio of unobserved decays to states other than the ground state in Sec. II E. Additionally, a microscopic statistical model is used to obtain the nuclear level densities. It is based on the ground-state structure properties predicted within the Hartree-Fock-BCS (HF-BCS) approach [89] and includes a consistent treatment of the shell effects, pairing correlations, deformation and collective excitations. The variation of the level-density input will permit to estimate the model dependence of the background determination.
C. Application to Photon Scattering Spectra
For the inverse application of the fluctuation analysis described above, the excitation energy region is divided in intervals of 200 keV, which are small enough to assume a constant background. These intervals are individually fitted and then a smooth curve using a spline function is drawn through points of the background count rates defined by the center of the intervals. An example using the BSFG2 model is shown in Fig. 8(a) . This process is applied to the spectra at 90
• and for both isotopes. The curves resulting for the three level density models are shown in Fig. 9 by way of example for the 130
• spectra. Although the models predict different absolut values and energy dependences of the level densities, the resulting background curves are indistinguishable in Fig. 8(a) . Obvioulsy the value of the autocorrelation function at = 0 is much more sensitive to the area under the background than to its shape.
There are constraints to the method which limit the applicability in the present spectra to a region E x =
FIG. 9:
112 Sn and 120 Sn spectra at 130
• and backgrounds deduced from the fluctuation analysis described in the text for the BSFG1 [72] , BSFG2 [73] and HF-BCS [89] level density models. Note that the resulting background curves are indistinguishable within the line size. (4) is not fulfilled. Although the background curves in Fig. 9 extend to higher energies, for E x > 7.8 MeV the signal gets too weak because of a lack of statistics and/or because the average widths start to overlap.
− 7.8 MeV. At lower excitation energies, condition
To determine the strength, the spectrum is unfolded with help of a GEANT4 simulation [90] to account for the Ge detector response. Starting from the highest energy, the contributions at lower energies due to singleescape events and Compton scattering are subtracted. The remaining area above the background is integrated and converted to a B(E1) transition strength, which includes the contributions from resolved (Sec. II C) and unresolved transitions. The procedure is repeated for each level density model and the two measured scattering angles. The resulting strengths at 90
• are consistent within the respective error bars for both isotopes demonstrating the reliability of the analysis method. The final result is obtained by averaging over the results from the two angles for each level density model and finally averaging over results for the different level density models.
The resulting total strengths and the decomposition into unresolved and resolved contributions (based on the analysis of Sec. II C) are summarized in Tab. IV. The errors of the unresolved and total strengths include uncertainties due to variation of the parameters of the fluctuation analysis (see, e.g., Ref. [86] ) and due to the differences between the results from the three level density models.
The unresolved strength amounts to 44 % and 47 % of the total B(E1) strength up to E x = 7.8 MeV ex- (25) tracted from the (γ, γ ) spectra in 112 Sn and 120 Sn , respectively. This result can be affected by a possible difference between average branching ratios for strong (resolved strength) and weak (unresolved strength) tranisitons (see also Sec. II E). We reiterate that the unresolved strength could only be extracted in the energy region between 5.5 and 7.8 MeV and thus represents a lower limit only when compared to the total strength due to discrete transitions given in Tab. III. The absolute amount of unresolved strength is very similar in both isotopes. The differences between the three level density predictions in the investigated excitation energy region (< 20% for 112 Sn and 50 -100% for 120 Sn) seem to have a minor impact.
IV. COMPARISON WITH THEORETICAL MODELS
In this section, the measured B(E1) transition strengths below the neutron threshold in 112,120 Sn are compared to theoretical appraoches. As discussed in the Introduction, predictions of the low-energy E1 strength are available from a variety of mean-field models. However, a realistic description of the strongly fragmented experimental strength distributions requires the inclusion of complex configurations. Therefore, the comparison focuses on two approaches, QPM and RQTBA, which allow to go beyond the 1p1h level and include 2p2h or even 3p3h states.
Basics of the QPM are described in Ref. [91] . In the current work, two QPM calculations are presented called QPM Darmstadt and QPM Giessen hereafter. While both calculations include the coupling of 2-and 3-phonon states in a similar way, they differ in the way how the underlying mean field and parameters of the residual interaction are determined. In the case of QPM Darmstadt single-particle energies stem from a global WoodsSaxon parameterization obtained from a fit to experimental data over a wide mass range [92] . These are further modified (typically up to a few hundred keV) by adjusting to experimental values obtained from the odd-mass neighboring nuclei. Strength parameters of the residual interaction are fixed by the properties of the lowest collective vibrations in the respective nucleus. This approach has been shown to provide a very good description of collective phenomena in vibrational nuclei (see e.g. Refs. [17, 41, [93] [94] [95] [96] ). The QPM Giessen calculation is based on a selfconsistent derivation of the meanfield properties in a Hartee-Fock-Bogoliubov approach (although with some empirical adjustments) described in Ref. [4] and has been shown to provide a good description of low-energy dipole strength in semimagic nuclei [18, 37, 97] . Both calculations include the full 2-and 3-phonon space resulting from the coupling of J π = 1 ± −7 ± phonons up to E x = 9 MeV. The RQTBA results are based on a relativistic meanfield approach and allow a selfconsistent calculation of the E1 response. Two ways of including configurations beyond the 1p1h level have been presented recently. In Ref. [98] an extension of the approach to include 2-quasiparticle⊗phonon states (called 2qp+phonon RQTBA) is described and an application to the E1 strength in the tin isotope chain is discussed in Ref. [54] . Recently, the model has been extended to include the 2-phonon model space (called 2-phonon RQTBA) resulting from the coupling of natural-parity phonons up to J = 6 and shown to impact on the description of the low-energy E1 strength in stable tin isotopes [19, 55] . Before comparing the different models with experiment, we illustrate in Fig. 10 of the B(E1) strength distribution in 120 Sn (using by way of example QPM Darmstadt) allowing for 1-phonon, (1+2)-phonon, and (1+2+3)-phonon model spaces, respectively. At the 1-phonon level, the strength distribution below 9 MeV is dominated by two transitions only. When going to a (1+2)-phonon model space, considerable fragmentation is observed (note the scale change in Fig. 10 ). The strength of the most prominent transition is reduced by about a factor of five and some strength is shifted to lower energies, while the total strength remains approximately the same. In the full (1+2+3)-phonon calculation the average transition strength is reduced by another factor four to five, again without changing the total B(E1) strength. As discussed below, only with the inclusion of 3-phonon states a realistic quantitative reproduction of the fragmentation can be achieved.
The measured (discrete transitions only) and predicted B(E1) strength distributions for 112 Sn and 120 Sn are compared in Fig. 11 . The QPM Darmstadt calculations provide a satisfactory agreement of the fine structure for both cases. In 120 Sn the strongest model transitions show about a factor of two larger B(E1) values than seen in the data. However, experimentally a stronger fragmentation is observed in 120 Sn compared to 112,116,124 Sn (cf. Fig. 4 ). In the QPM Giessen calculations a prominent cluster of transitions with a strength comparable to experiment is observed for both nuclei around the experimental centroid energy. At higher excitation energies the predicted strength is large compared to the data. In general, the strength is less fragmented than in the QPM Darmstadt calculation despite comparable model spaces.
The RQTBA results differ substantially from each other. The 2qp+phonon version predicts more strength below 6 MeV than seen in the experiments. For 120 Sn, a bump roughly at the experimental centroid energy is observed but overestimates the strength. The strength at higher E x is much larger than in all other calculations. The 2-phonon RQTBA shows less fragmentation and a shift of the very strong transitions found in the 2qp+phonon calculation above 7 MeV to higher excitation energies. These findings can be related to the geometrical properties of the phonon amplitudes (cf. Eq. (C4) in Ref. [54] and Eqs. (28, 29) in Ref. [55] , respectively). Overall, this clearly improves the comparison to experiment [19, 55] . Table V collects the summed B(E1) strengths from experiment and the various models. In general, the model strengths integrated over the experimentally accessible excitation region up to 9 MeV are much larger than measured in this work. However, one should recognize that the experimental numbers do not include the unresolved part which almost doubles the B(E1) values (cf. Tab. IV). Furthermore, the fluctuation analysis described in the previous section was limited to excitation energies up to 7.8 MeV, and it can be expected that the contributions at higher E x are even larger. Also, the branching ratios to excited states are neglected although the corrections are expected to be of the order 20 − 40% only in these semimagic nuclei (cf. Sec. II E ). The comparison also shows strong sensitivity to the upper excitation energy limit. For example, restricting the upper limit of summation to 8 MeV, QPM Darmstadt and 2-phonon RQTBA describe the experimental strength in 112 Sn quite well. For 120 Sn, these models are somewhat too high but closer to the data than the other predictions.
The differences found between the model approaches (in particular, between QPM Darmstadt and QPM Giessen) show that the description of the low-energy E1 strength strongly depends on the modeling of the underlying mean field. The strength distributions are also sensitive to the interaction with multi-phonon states which redistribute the strength and can shift large parts in or out of the experimentally accessible energy region. As highlighted by the present examples (Tab. V) one can only put a word of warning to attempts to establish systematics of the PDR by summing over more or less arbitrarily defined excitation energy regions It should be pointed out that all models discussed here predict an increase of the strength of the PDR in the stable evenmass tin isotopes with neutron excess. However, the predictions of the energy region, where the PDR is confined, differ appreciably. One possible explanation of the strong variations in Tab. V may be slight differences in the onset of the GDR strength.
The experimental observable (B(E1) strength) does not allow any conclusion on the nature of the excitation, thus no separation into PDR and GDR contributions is possible. Nevertheless, a linear increase of the summed strength with neutron excess is consistent with the data in 112,116,124 Sn (cf. Tab. III) but clearly not for 120 Sn. While the absolute corrections necessary to estimate the full experimental B(E1) strength are large, the methods to estimate their magnitude described above and below predict similar correction values for all four isotopes. Thus, it is unlikely that the unexpected behavior of the low-energy E1 strength in 120 Sn is caused by the experimental limitations.
B. Impact of the experimental sensitivity limit
The experimental sensitivity limits given in Ref. [61] should be considered in the comparison with the theoretical strength distributions as has been discussed in Refs. [41, 99] . They represent the minimum B(E1) strength of transitions which can be determined with at least 1σ accuracy. The impact is illustrated in Fig. 12 for 112 Sn and 120 Sn, respectively. The grey bars shows the number of experimentally observed levels (upper row) and the summed B(E1) strength (lower row) as a function of excitation energy in bins of 250 keV. They are compared to the QPM Darmstadt results neglecting (QPM all, open bars) or considering (QPM limit, black bars) the experimental sensitivity limit.
Taking into account the sensitivity limit, the obserevable B(E1) strength above 6 MeV is significantly reduced. Above 8 MeV in 112 Sn and 7.5 MeV in 120 Sn, the larger part of the strength stems from weak transitions which would be unobserved in the present experiments. For 120 Sn, fairly good agreement with the experimental distribution is achieved after the correction, while for 112 Sn the strength at higher excitation energies gets somewhat to small. The numbers of excited levels per energy interval is fairly well reproduced but slightly too small for 112 Sn, while for 120 Sn they are still overpredicted at higher energy. Overall, as in a similar study of N = 82 isotones [99] , the agreement between experiment and QPM predictions clearly improves with consideration of the experimental thresholds.
The integrated B(E1) strengths of 0.192 e 2 fm 2 ( 112 Sn) and 0.132 e 2 fm 2 ( 120 Sn) in the QPM calculations below the sensitivity limits are remarkably close to the amounts of unresolved strengths deduced from the fluctuation analysis. We note that the agreement is not selfevident because of the different assumptions underlying both types of analysis. Strong transitions as analyzed in Sec. II C are little affected by admixtures of weak transitions due to the mechanism discussed in Sec. III A, while the mixing of transitions below the sensitivity limit may contribute to the fluctuations. Therefore, we conclude that the good agreement is not fortituous but both methods allow an estimate of the quasi-continuum strength missed by a restriction of the data analysis to statistically significant peaks above background in the (γ, γ ) spectra. Having two independent methods at hand is particularly helpful since their limits are defined by very different quantities. In case of the fluctuation analysis, there is an upper limit of the excitation energy defined by the statistics of the experimental spectra. The extraction of the B(E1) strength above the experimental threshold depends on the proper description of the fragmentation by the truncated theoretical model spaces (limited e.g. to 3p3h states in the present example).
V. CONCLUSIONS AND OUTLOOK
This work presents high-resolution nuclear resonance fluorescence experiments on 112 Sn and 120 Sn to investigate the E1 response below the neutron threshold. The strongest transitions have been observed around the energy region of 6-7 MeV and the distributions of extracted B(E1) transitions have a resonance-like structure, but in the case of 120 Sn the strength is more fragmented. The summed B(E1) strengths are 0.175(24) e 2 fm 2 and 0.164(31) e 2 fm 2 with centroid energies 6.7 MeV and 6.6 MeV for 112 Sn and 120 Sn, respectively. A fluctuation analysis has been applied to the (γ,γ ) spectra to estimate the amount of unresolved strength which might be hidden in the background due to the finite energy resolution. The analysis is based on the autocorrelation function of the normalized spectrum which provides information about the mean level spacings in the investigated excitation energy interval. These can be compared to model prediction of the nuclear level densities which allows to adjust the background. Three different theoretical models have been used, viz. BSFG1 [72] , BSFG2 [73] and HF-BCS [89] . The backgrounds determined from these models produce a very similar amount of unresolved strength in the spectra and the differences between the models have been used to determine the uncertainties of this procedure. The fluctuation analysis shows that the amount of unresolved strength on (γ,γ ) spectra is significant and the method should be applied to other data taken with the NRF method, at least for medium-heavy and heavy nuclei where J π = 1 − level densities in the energy region of the PDR typically fulfill Eq. (4).
The measured B(E1) strength distributions below the neutron threshold in 112 Sn and 120 Sn has been compared to microscopic model calculations. The QPM Darmstadt calculations reasonably reproduce the fragmentation of the transition strengths for 112 Sn and 120 Sn and also the total strength if one corrects for the experimentally unobservable part. The QPM Giessen and the RQTBA calculations predict much larger strengths than the experimental results if summed over the experimentally accessed energy region up to 9 MeV. However, the agreement of the 2-phonon RQTBA predictions with the data is much better if the summation is restricted to an uper limit of 8 MeV. Despite the problems discussed above to extract the full E1 strength from the (γ, γ ) data, the present results do not support an increase with neutron excess predicted by all models. The modeling of the main corrections (branching ratios to excited states and unresolved strength) do not show systematic dependencies as a function of neutron number for 112−124 Sn. The differences between the theoretical approaches indicate a strong sensitivity to the underlying mean field pointing towards a single-particle rather than a collective interpretation as discussed e.g. in Refs. [8, 16, 100] .
For an improved understanding experimental information on the complete ground-state E1 response below and above the neutron threshold would be important, in particular to further investigate the unexpected behavior of 120 Sn established in the present work. This is possible e.g. with high-resolution (p,p ) experiments at 0
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